Erythrocyte magnesium (Mg 2؉ ) deficiency has been demonstrated in sickle cell disease to contribute to erythrocyte dehydration, K loss, and thus sickling. No studies have assessed the functional properties of the Na/Mg exchanger in sickle cell disease. Using Mg 2؉ -loaded erythrocytes, we measured Mg 2؉ efflux induced by extracellular Na ؉ . We estimated that the Na/Mg exchanger had higher maximal velocity, higher affinity for Na ؉ , and lower cooperativity for Mg 2؉ in sickle than in normal erythrocytes. The activity of the 
Introduction
Magnesium plays a central role in a variety of cellular metabolic functions. Cytosolic Mg 2ϩ levels are maintained within narrow limits, representing less than 10% of total cellular magnesium. However, little is known about cellular Mg 2ϩ transporters, their molecular identities, or regulatory mechanisms in human cells. A decrease in intracellular magnesium has been observed in sickle erythrocytes. 1, 2 Hemoglobin S polymerization may play a role in promoting Mg 2ϩ loss, as shown by Ortiz et al. 2 One of the erythrocyte regulatory pathways of cellular magnesium is the Na/Mg exchanger. 3 We and others have previously shown elevated Na/Mg exchanger activity in sickle erythrocytes compared with normal erythrocytes. 4, 5 However, little is known about the kinetic parameters of the exchanger, potential physiologic modulators of its activity, or signaling mechanisms in sickle erythrocytes. Furthermore, its molecular characteristics are unknown.
One of the hallmarks of sickle cell disease is dehydration of the erythrocyte mediated by potassium loss. [6] [7] [8] It has been previously shown that magnesium supplementation could significantly alter the dehydration state of the sickle erythrocytes possibly via a decrease in the activity of the K/Cl cotransporter. 5, 9 In addition, a preliminary study showed that the activity of the Na/Mg exchanger in sickle erythrocytes was decreased after 6 months of dietary magnesium supplementation. However, the mechanism(s) inducing this change in the exchanger's activity was not identified. Therefore, the current study was designed to characterize the mechanism(s) for cellular Mg 2ϩ regulation via the Na/Mg exchanger in sickle erythrocytes (Hb SS) in comparison to normal erythrocytes (Hb AA).
Patients, materials, and methods

Drugs and chemicals
A23187 ionophore was purchased from Calbiochem (La Jolla, CA). Bovine serum albumin (BSA) was purchased from Roche (Indianapolis, IN). All other reagents were purchased from Sigma Chemical (St Louis, MO).
Preparation of erythrocytes
Blood from patients with sickle cell disease was collected after informed consent. Blood was collected into tubes containing heparin, passed through cotton to decrease the number of white cells, and centrifuged in a Sorvall RC 28S (Kendro Laboratory, Asheville, NC) at 1188 g for 4 minutes at 4°C. The supernatant was removed by aspiration and erythrocytes were washed 4 times with ice-cold Mg 2ϩ -free choline washing solution (Mg 2ϩ -free CWS) containing the following (mM): 150 choline Cl; 10 Tris MOPS (3-[NMorpholino]propanesulphonic acid), pH 7.4 (4°C); and 20 sucrose. A 0.5 (50%) cell suspension was made in CWS, and manual hematocrit and mean cellular volume (MCV) were measured. Aliquots of this suspension were diluted with 0.0002 (0.02%) acationox in double-distilled water to allow measurement of intracellular Na ϩ , K ϩ , and Mg 2ϩ by atomic absorption spectrophotometry (Perkin Elmer 800, Wellesley, MA).
Measurements of Mg 2؉ fluxes via Na/Mg exchanger
Erythrocytes were loaded with Mg 2ϩ at 0.1 (10%) hematocrit for 30 minutes at 37°C in the presence of 6 M A23187. The Mg 2ϩ -loading solution contained the following (mM): 140-122 KCl; 0-18 MgCl 2 ; 10 glucose; and 10 Tris MOPS, pH 7.4 (37°C). To avoid Gardos channel activation due to traces of Ca 2ϩ during the Mg 2ϩ -loading period, 25 nM charybdotoxin was added to all loading solutions. The ionophore was removed by 4 consecutive washes using the same loading solution with 0.01 (0.1%) BSA at 37°C. The cells were further washed 4 times with Mg 2ϩ -free CWS (310 mOsm) at 4°C to remove extracellular Mg 2ϩ . A 50% cell suspension was made in Mg 2ϩ -free CWS. Sodium, potassium, and magnesium cellular content were determined as described in "Preparation of erythrocytes." Flux started when 0.4 mL of 0.5 (50%) cell suspension was added to either 8 mL NaCl or choline Cl flux media containing the following (mM): 140 NaCl or 140 choline Cl; 10 glucose; 10 Tris MOPS, pH 7.4 (37°C); 0.1 ouabain; and 0.01 bumetanide. Triplicate samples were taken at 5 and 45 minutes and centrifuged at 4°C. Mg 2ϩ efflux was shown in preliminary experiments to be linear between 5, 15, 30, and 50 minutes at 37°C (data not shown). Supernatants were removed carefully and quickly transferred to 4-mL plastic tubes. Total Mg 2ϩ concentration of the supernatants was determined by atomic absorption. Mg 2ϩ efflux was calculated from the slope of the linear regression of total Mg 2ϩ supernatant content versus time (mM cell ϫ h). The Na/Mg exchanger was estimated from the difference between Mg 2ϩ efflux in the NaCl and choline Cl flux media, and values were corrected by MCV and expressed as mmol/10 13 cell ϫ h. We found that lowering the media osmolarity below 200 mOsm caused an increase in cell lysis, and therefore we did not decrease the osmolarity below 225 mOsm ( Figure 5 ) for the evaluation of the osmotic effect on the exchanger activity.
Measurement of the affinity constant for cellular Mg 2؉
To measure the kinetic parameter of the internal Mg 2ϩ site of the exchanger, cells were loaded at different concentrations of Mg 2ϩ (0.15-18 mM) using A23187 as described in "Measurements of Mg 2ϩ fluxes via Na/Mg exchange." Since the cells change in volume as they are loaded with Mg 2ϩ , we adjusted the K ϩ and the sucrose levels to maintain a relatively constant hemoglobin concentration of the loaded cells at all Mg 2ϩ concentrations. To estimate the ionized intracellular Mg, we used the equation given by Raftos et al. 10 In those experiments we measured the proton concentration ratio (Table 1 ) across the plasma membrane in normal and sickle Mg 2ϩ -loaded erythrocytes. After loading, the cells were spun down, the supernatant was collected, and the pH and extracellular Mg 2ϩ concentration were measured. The cell pellet was hemolyzed to estimate the intracellular pH and total Mg 2ϩ (Table 1) . Aliquots were also taken to measure the MCV, cell Na ϩ , and cell K ϩ (Table 1 ). To avoid cell K ϩ and volume changes due to Gardos channel activation, 25 nM charybdotoxin was added during the loading process. Charybdotoxin does not have any significant effect on the Na/Mg exchanger activity (data not shown). Furthermore, all fluxes were corrected to account for changes in MCV observed in loaded cells.
Density-separated erythrocytes
Freshly isolated erythrocytes were suspended in normal saline and layered over a stractan gradient. Larex (arabinogalactan) was prepared as indicated by the manufacturer (Larex, White Bear Lake, MN). Larex stock was diluted to prepare varying densities between 1.077 and 1.119 g/mL. Approximately 1 mL of each density dilution was carefully layered, from the densest to the lightest, to reach a combined volume of 10 mL. Then, 0.5 mL of 30% erythrocytes was layered on top and the entire mixture centrifuged at 42 000 g for 45 minutes at 10°C. This method yields 5 clearly visible layers of density-separated erythrocytes. The layers were separated and washed with isotonic medium and kept on ice for further processing. Due to the small number of cells recovered from the washing steps, the first 2 layers (1 ϩ 2, lighter population) and the last 2 layers (4 ϩ 5, denser population) were combined to yield a total of 3 fractions. An aliquot of the 50% suspension was used for total cell blood count and MCV determinations for each fraction as indicated in the figure legends.
Results
Maximal velocity of the Na/Mg exchanger in Hb AA and Hb SS erythrocytes
It has been shown that Mg 2ϩ efflux stimulated by external Na ϩ is increased in sickle erythrocytes. 4, 5 To study this effect, we measured the activity of the Na/Mg exchanger in Hb AA and Hb SS erythrocytes under conditions similar to those described in "Patients, materials, and methods." In Hb AA erythrocytes, we found that the activity of the Na/Mg exchanger in Mg 2ϩ -loaded cells was 0.71 Ϯ 0.07 mmol/10 13 cell ϫ h ( Figure 1A ). In Hb SS erythrocytes, the exchanger activity was significantly and markedly increased to 3.00 Ϯ 0.32 mmol/10 13 cell ϫ h (n ϭ 39; P Ͻ .0001). Studies were carried out on density-separated Figure 1B shows the activity of the exchanger in different red cell fractions obtained from healthy subjects. Under these experimental conditions, the velocity of the exchanger decreased significantly as the mean cellular hemoglobin concentration (MCHC) increased. Thus, as the cell becomes denser, the activity of the exchanger is significantly reduced. However, in density-separated sickle cells, the activity of the exchanger did not change as a function of cell density ( Figure 1B) . Since the reticulocyte content in sickle erythrocyte fractions decreased from 13% to 7% in the second fraction with no corresponding changes in flux activity, reticulocyte content per se does not appear to be a major determinant of the activity of the exchanger.
Affinity constant for internal Mg 2؉ in normal and sickle erythrocytes
We hypothesized that the increase in Na/Mg exchanger activity could be mediated by abnormalities in the affinity constant for intracellular Mg 2ϩ in sickle erythrocytes. To test our hypothesis, we measured the activity of the exchanger in the presence of different concentrations of cellular Mg 2ϩ in Hb AA and Hb SS erythrocytes (Figure 2 ). Total cell Mg 2ϩ and ionized cell Mg were calculated from the total extracellular Mg 2ϩ and the proton ratio (r 2 ) as described in "Patients, materials, and methods" (Table 1) and by Raftos et al. 10 As described previously, the proton ratio decreased as the intracellular Mg 2ϩ concentration was increased. The MCV was increased in Mg 2ϩ -loaded cells, with a correlated decrease in the Na ϩ and K ϩ total concentrations. We found that loading with 18 mM extracellular Mg 2ϩ , the maximal velocity of the exchanger changes from 0.767 Ϯ 0.25 mmol/10 13 cell ϫ h in normal erythrocytes to 3.77 Ϯ 1.33 mmol/10 13 cell ϫ h in sickle erythrocytes (P Ͻ .005; n ϭ 3; Figure 2 ). Kinetic analysis indicates that the affinity constant (K 0.5 ) for intracellular Mg 2ϩ followed a sigmoid pattern, with a K 0.5 of 2.65 Ϯ 0.4 mM cell water for normal erythrocytes, and a hyperbolic pattern, with Michaelis constant (K m ) at 2.57 Ϯ 0.56 mM cell water in sickle erythrocytes. Therefore, these results suggest that the elevated exchanger activity of sickle erythrocytes is not due to abnormalities in the internal Mg 2ϩ affinity site.
Affinity for external Na ؉ in normal and sickle erythrocytes Analysis of the external Na ϩ site of the exchanger was performed by measuring the activity of the exchanger in Mg 2ϩ -loaded cells at different concentrations of external Na ϩ (Figure 3) . The activity of the exchanger followed a sigmoid pattern in normal erythrocytes, with a maximal velocity of 0.93 Ϯ 0.22 mmol/10 13 cell ϫ h and a K 0.5 of 64.2 Ϯ 4.1 mM. In sickle erythrocytes, kinetic analysis of the external site showed a significant increase in the maximal velocity to 3.15 Ϯ 1.1 mmol/10 13 cell ϫ h (n ϭ 9; P Ͻ .001), with a change in pattern to hyperbolic with a decrease in the K m to 50.9 Ϯ 2.1 mM (n ϭ 9; P Ͻ .023). The change in the kinetic pattern from sigmoidal to hyperbolic in sickle erythrocytes suggests a loss of Na ion cooperativity in the external binding site.
Effect of osmolarity on the Na/Mg exchanger
It was previously shown that when the media osmolarity was lowered to 200 mOsm, the Na/Mg exchanger activity of human erythrocytes increased. 3 We found that the activity of the exchanger markedly decreased when osmolarity was lowered from 300 mOsm to 225 mOsm in normal erythrocytes (Figure 4) . Hypertonic (400-575 mOsm) conditions also caused a decrease in the activity of the exchanger in normal erythrocytes. However, in sickle erythrocytes, no inhibition of the exchanger activity by hypotonicity was observed. Indeed, no significant changes in Mg 2ϩ flux were observed in sickle erythrocytes with changes in media tonicity (Figure 4 ). These data indicate that regulation of the exchanger by cell volume is altered in sickle erythrocytes and the transporter appears to be abnormally up-regulated. Therefore, our results imply an abnormality of the signal pathway of the regulation of cellular Mg 2ϩ by cell volume in sickle erythrocytes.
Effect of phosphorylation/dephosphorylation events on the activity of the Na/Mg exchanger
In order to study the signaling pathways controlling Na/Mg exchanger activation, we evaluated the effect of different inhibitors of phosphorylation and dephosphorylation in erythrocytes. Figure  5 shows the effect of 2 different protein kinase C (PKC) inhibitors, calphostin C (CC) and chelerythrine (CH), on exchanger activity. Calphostin C is known to inhibit PKC by binding to the diacylglycerol site (active site) of the PKC enzyme, abolishing its activity with very high specificity. 11 Chelerythrine causes PKC inhibition by blocking the substrate-binding site of the enzyme. 12 We previously showed that calphostin C decreases the activity of PKC in mouse erythrocytes. 13 Here we found that inhibition of PKC activity induced a significant increase in exchanger activity in normal erythrocytes (from 0.62 Ϯ 0.18 to 0.91 Ϯ 0.11 with CH and to 0.80 Ϯ 0.12 with CC). Inhibition of the PKC induces a reduction of phosphorylation activity, suggesting that phosphorylation events down-regulate the exchanger's activity. To test whether inhibition of phosphatases plays a role in the activation of the exchanger under normal (baseline) conditions, we measured the activity of the exchanger in the presence of 100 nM okadaic acid, an inhibitor of serine-threonine protein phosphatases. We found that okadaic acid did not affect Na/Mg exchanger activity in normal erythrocytes ( Figure 5A ). Okadaic acid is known to inhibit protein phosphatase 2A at low concentrations, but at 100 nM this agent interferes with other phosphatases as well. 14 The use of calyculin A, a potent inhibitor of protein phosphatase 1, produced results similar to those obtained with okadaic acid (Figure 5A) .
In sickle erythrocytes, we found that PKC inhibitors did not modify the activity of the exchanger (from 4.26 Ϯ 0.08 to 4.21 Ϯ 0.13 with CH and 4.13 Ϯ .009 with CC) as seen under similar conditions in normal erythrocytes ( Figure 5B ). We also evaluated the effect of phosphatase inhibitors in sickle erythrocytes ( Figure 5B ). We found that neither okadaic acid nor calyculin A altered the activity of the exchanger in sickle erythrocytes. These data suggest that the signaling pathway for Na/Mg regulation is abnormal in sickle erythrocytes and strongly support the hypothesis that the Na/Mg exchanger is "locked" in an up-regulated mode in these cells.
Discussion
Reduced erythrocyte magnesium content has been associated with the pathophysiology of sickle cell disease (SCD), and magnesium supplementation has been proposed as a therapeutic approach to ameliorate painful crisis in SCD. 5, [15] [16] [17] [18] [19] [20] However, the mechanisms underlying these effects are not fully understood. In erythrocytes, regulation of intracellular Mg 2ϩ content is mediated by cytoplasmic magnesium buffers such as adenosine triphosphate (ATP) and 2,3-diphosphoglycerate 10 as well as by Na ϩ -dependent and -independent Mg ion transport mechanisms. 3 One of these transport mechanisms is the plasma membrane Na/Mg exchanger. Flatman 21 has previously described the dependency of the exchanger's activation upon extracellular Na ϩ and Mg 2ϩ . We measured activation kinetics of the exchanger by extracellular Na ϩ and found an increased V max and affinity in sickle red cells that was associated with a decrease in cooperativity of the Na ions compared with normal erythrocytes. The loss of cooperativity of the exchanger observed in SCD supports the notion of abnormal regulation of the exchanger in sickle erythrocytes. In turn, these kinetic alterations may in part explain the low total cellular Mg 2ϩ levels observed in the denser fraction of sickle erythrocytes. 2 Although the difference in affinity for extracellular Na ϩ might not be of major physiologic importance for the regulation of the activity of the exchanger in circulating red cells, it might be of interest in tissues and red cells exposed to dramatic changes in Na ϩ concentration such as in the kidney.
Normal erythrocytes show decreasing Mg 2ϩ levels with aging, 22 and younger erythrocytes contain higher Mg 2ϩ levels than older cells. The activity of the Na/Mg exchanger also decreases with increased cell density in normal erythrocytes ( Figure 1B) . Perhaps the cell volume reduction associated with aging decreased the activity of the exchanger, as seen in hypertonic stimulation experiments ( Figure 4 ) in normal erythrocytes. Neither cell shrinkage nor cell swelling had any significant effect on the activity of the exchanger in sickle erythrocytes, suggesting abnormal regulation. However, we cannot rule out the possible contribution of the large difference in the average ages of normal and sickle erythrocytes to the observed differences in Mg 2ϩ fluxes.
The changes in Na/Mg exchanger activity with varying MCHCs ( Figure 1B ) cannot be explained solely by the presence of reticulocytes. A 46% decrease in reticulocyte content in sickle fraction number 2 ( Figure 1B ) did not significantly affect the magnitude of the Mg 2ϩ flux, suggesting that reticulocyte content per se is not a major determinant of the total exchanger's activity. Nevertheless, we cannot rule out the contribution of reticulocyte number to the dramatic change observed from the first fraction to the second fraction in normal red cells ( Figure 1B) . Further experiments will be required to assess the contribution of the reticulocyte fraction to the total exchanger activity.
We hypothesize that the persistent elevation of Na/Mg exchanger activity at all density levels may play a role in generating the reduced total intracellular Mg 2ϩ seen in dense sickle erythrocytes. 2 Our data support the notion of a constant exchanger activity at different densities, whereby the cell is constantly losing Mg 2ϩ . Since Mg 2ϩ is known to be a modulator of K/Cl activity in normal and sickle erythrocytes, 9,14 the high activity of this exchanger might lead to a decrease in intracellular Mg 2ϩ that is responsible for the high activity of the K/Cl cotransporter in these cells. 9, [23] [24] [25] The role of PKC in the regulation of cellular Mg 2ϩ has been investigated in rat vascular smooth muscle cells, where ␣PKC inhibition leads to increased Mg 2ϩ levels. 26 Zheng et al 26 also reported that this 27 In normal red cells, we show that the exchanger is activated by PKC inhibitors and is unaffected by phosphatase inhibitors, suggesting the involvement of PKC in the regulation of the exchanger's activity. In contrast, neither PKC nor phosphatase inhibitors significantly affected the activity of the exchanger in sickle erythrocytes ( Figure 5B ). Therefore, we speculate that the PKCsensitive pathway of Na ϩ -dependent exchanger activity modulation is abnormally regulated or interrupted in sickle erythrocytes. Furthermore, the absence of any significant effect of PKC inhibitors on the sickle erythrocyte Na/Mg exchanger also suggests that the elevated PKC activity observed by Fathallah et al 27 plays no role in the regulation of the Na/Mg exchanger in sickle erythrocytes. Further studies will be needed to elucidate this point.
Because of the amiloride sensitivity of the Na ϩ -dependent Mg 2ϩ flux, it has been suggested that the Na/Mg exchanger and the Na/H exchanger might be mediated by the same system. Our results argue against this hypothesis, in that (1) in normal erythrocytes, the external Na ϩ dependency of the Na/H exchanger follows a hyperbolic pattern and not the sigmoid pattern as seen in Na/Mg exchanger; (2) the Na/Mg exchanger is not sensitive to okadaic acid, as is the case for Na/H exchanger activity in human erythrocytes 28 ; (3) PKC inhibitors decrease the activity of Na/H exchanger 29 and increase the activity of Na/Mg exchanger in normal erythrocytes; and (4) hyperosmolarity does not increase the activity of the exchanger, as occurs with the Na/H exchanger in normal erythrocytes. 30 In summary, our results suggest that the Na/Mg exchanger plays an important role in the pathophysiology of SCD. The initial characterization of the Na/Mg exchanger in sickle erythrocytes presented here provides a platform for further studies on the pathophysiology of Mg 2ϩ transporters in SCD. Furthermore, these studies open new pathways for investigation of K ϩ transport, water loss, and the consequent cellular dehydration in sickle erythrocytes.
